High hydrostatic pressure treatments could increase the protein solubility (200 MPa), water holding capacity (400 MPa), and oil holding capacity (400 MPa) of pine nuts protein fractions, respectively. The exposed sufhydryl content for albumin was highest at 100 MPa while for other fractions it was 400 MPa, contrary for total sufhydryl content-generally it was at 100 MPa, except glutelin (400 MPa). Pine nuts protein fractions demonstrated the typical behavior of weak gels (G 0 > G 00 ). After the treatments of high hydrostatic pressure the specific surface area of pine nuts protein particle was increased upon pressure, and the surface of protein became rough which increased the particle size. The functional groups of protein were found to be unchanged, but the characteristic peaks of pine nuts protein moved to a low-band displacement and the value of peaks was amplified accordingly to the pressure. The high hydrostatic pressure treatments were found to improve the functional properties of pine nuts protein isolates by enhancing the heat-induced gel strength of pine nuts protein isolates which make proteins more stretchable. These results suggest that high hydrostatic pressure treatments can increase the functional properties and alter the rheological properties of pine nuts protein fractions which will broaden its applications in food industry.
INTRODUCTION
Proteins are the essential nutrient for human body and play a pivotal role in the regulation of physiological function and metabolism of the human body (Aider et al., 2012; Garcia et al., 2012; Zhao et al., 2015) .With the improvement of people's living standard, people pay more attention to the quality of the absorbed food and eat protein rich, low fat, and cholesterol free foods (Adebiyi and Aluko, 2011) . The functional properties of the protein include protein solubility, water holding capacity (WHC), oil holding capacity (OHC), emulsifying properties, gel properties, foaming properties, and so on were investigated (CanoMedina et al., 2011; Martı´nezvillaluenga et al., 2006; Tamm et al., 2016) . The complete understanding of the functional properties of protein isolates facilitates 1 the utilization of protein in food industry and other areas (Barac et al., 2012; Piornos et al., 2015) .
Pine nuts contain a high amount of fat (47.4%), proteins (31.1%), carbohydrate (10.7%), moisture (5.6%), and a small amount of ash (4.3%) (Cabanillas et al., 2016; Hoon et al., 2015; Nergiz and Do¨nmez, 2004) . Pine nuts are widely used throughout the world in desserts, main dishes, sauces, salads, and so on because it can regulate blood lipid, improve immunity, as well for their antiaging properties, for the prevention of heart diseases, hypertension, arteriosclerosis (Garino et al., 2016; Wang et al., 2012) . However, eating pine nut can result in allergic reactions in human. Pine nut allergens have not yet been characterized in detail (Cabanillas et al., 2012 (Cabanillas et al., , 2016 Cabanillas and Novak, 2015) . In recent years, we have focused on some aspects of pine nuts: pine nuts oil; pine nuts beverage; pine nuts allergens; physical, mechanical, and aerodynamic properties. But the physical properties, functional properties, and rheological properties of pine nuts protein were not studied (Adhikari et al., 2010) .
High hydrostatic pressure (HHP) has been widely used as a new technology for the study of food protein and broadly used in the food industry (Barba et al., 2012; Galazka et al., 2000; Maria et al., 2016) . HHP is used to induce protein denaturation, aggregation, or gelation by modulating protein hydrogen bonds, ionic bonds, covalent bonds, and hydrophobic properties leading to spatiotemporal structural regulations (Ahmed et al., 2010; Qin et al., 2013; Tang and Ma, 2009 ). These modifications were evaluated by rheometry (Shriver and Yang, 2011) . HHP can also reduce the allergenicity of protein at pressure ranges from 300 up to 700 MPa (Zhou et al., 2016) and reduce the allergenic potency of soybean protein at 300 MPa .
The aim of this work was to analyze the influence of HHP treatments on the functional and rheological properties of pine nuts protein fractions. We compared the alteration of the functional properties (protein solubility, WHC, OHC, and total sulfhydryl (SH) content of proteins), the rheological properties of heat-induced gel by dynamic oscillation rheological measurements, the modifications of microstructure by scanning electron microscope (SEM), and modifications of functional groups by Fourier transform infrared spectrometer before and after HHP treatments. It will increase the applications of pine nuts protein in food industries.
MATERIALS AND METHODS

Preparation of the samples
Degreased pine nuts meal was generously supplied by Jilin Painuo Biology & Technology Co., Ltd (Changchun, Jilin, China). Pine nuts protein isolate was prepared using the direct alkaline extraction (pH 9.8-120 min-50 C) and isoelectric precipitation (pH 4.8-30 min) as described by Tan et al. (2011) . Albumin, globulin, and glutelin fractions were prepared using the Osborne method (Sosulski and Bakal, 1969) with minor modifications.
HHP treatments
Treatments with HHP were done with high-pressure equipment (Model HPP600 MPa/30 l; BaoTouKeFa High Pressure Technology Co. Ltd., Baotou, China) with a hydraulic type cell with an inner capacity of 30 l and a water jacket for temperature control. The pressure level range was from 100 to 400 MPa, which was based on the preferential release of allergenic proteins at the pressure level of 100-400 MPa (Kato et al., 2000; Li et al., 2012) . Solutions of pine nuts protein (w/v ratio of samples/water is 10%) with a suitable volume were packed under vacuum in polyethylene bags and then subjected to HHP treatments at 100, 200, 300, and 400 MPa for 10 min at 20 C. After HHP treatment, the pine nuts protein fractions were freeze-dried. The unpressurized products (w/v ratio of samples/water is 10%) were used as experimental controls (0.1 MPa).
Protein solubility
About 0.1 g of pine nuts protein isolate, albumin, globulin, and glutelin were solubilized in 10 ml of distilled water in a centrifuge tube and centrifuged at 8000 r/min for 30 min at 25 C. Solutions of pine nuts protein with a suitable volume were packed under vacuum in polyethylene bags, and then subjected to HHP treatments at 100, 200, 300, and 400 MPa for 10 min at 20 C, then centrifuged at 8000 r/min for 10 min. One milliliter of supernatant was mixed with 5 ml of Coomassie brilliant blue. The mixture was vortexed for 1 min and held at room temperature for 5 min. The absorbance of the mixture was measured at 405 nm in a UV-1700 spectrophotometer (SHIMADZU, Japan), and the solution of Coomassie brilliant blue was used as the blank (Ghribi et al., 2015) . The formula for standard curve with the Bovine Serum Albumin was followed as: Ogunwolu et al. (2009) . About 0.50 g of pine nuts protein isolate, albumin, globulin, and glutelin were solubilized in 10 ml of distilled water and placed in a centrifuge tube, then oscillated 30 min at 25 C. Solutions of pine nuts protein were packed under vacuum in polyethylene bags, and then subjected to HHP treatments at 100, 200, 300, and 400 MPa for 10 min at 20 C. Then centrifuged at 8000 r/min for 10 min to remove the supernatant and take sample weight. All treatments were carried out in triplicate. The formula for calculating the WHC was as follows 
OHC
OHC was measured by the method of Wasswa et al. (2007) . About 0.50 g pine nuts protein isolate, albumin, globulin, and glutelin were added into 5 ml of soybean oil then vortexed for 2 min and oscillated for 30 min at 25 C. Solutions of pine nuts protein with a suitable volume were packed under vacuum in polyethylene bags, and then subjected to HHP treatment at 100, 200, 300, and 400 MPa for 10 min at 20 C. Then removed the supernatant with centrifuging at 8000 r/ min for 10 min and reweighed. All treatments were carried out in triplicate. The formula for calculating the OHC was as follows Exposed SH content and total SH content About 15 mg of pine nuts protein isolate, albumin, globulin, and glutelin which treated after HHP, was first dissolved in 3 ml of a solution of Tris-Gly (0.086 mol/l Tris, 0.09 mol/l glycine, 0.04 mol/l ethylenediamine) which including 8 mol/l urea or no 8 mol/l urea (8 mol/l urea is measuring the total SH content, no 8 mol/l urea is exposed SH content) at pH ¼ 8.0, then vortexed and added into 50 ml 5,5 0 -disulfide generation 2-nitrobenzoic acid (DTNB). It was bathed in water for 1 h at 25 C and centrifuged at 8000 r/min for 15 min. The absorbance of the mixture was measured at 412 nm in a UV-1700 spectrophotometer (SHIMADZU, Japan), and the solution of without DTNB was used as the blank . Each sample was determined in triplicate.
About 15 mg of pine nuts protein isolate, albumin, globulin, and glutelin which treated after HHP were dissolved in 3 ml of Tris-Gly (pH ¼ 8.0) which including 10 mol/l urea. Then it was vortexed after adding about 0.5 ml of b-mercaptoethanol, bathed in water for 1 h at 25 C and centrifuged at 8000 r/min for 20 min. About 1 ml of the supernatant was bathed in water for 1 h at 25 C with 10 ml of trichloroacetic acid, and then centrifuged at 8000 r/min for 15 min. This step was repeated twice. Then the sedimentation was dissolved in 5 ml of Tris-Gly with 50 ml DTNB and held for 5 min. The absorbance of the mixture was measured at 412 nm in a UV-1700 spectrophotometer (SHIMADZU, Japan), and the solution of without DTNB was used as the blank (Adebowale and Lawal, 2004) . Each sample was determined in triplicate. The SH content was determined by the following formula mmol SH=g protein ¼ 73:53A Â D C A: absorbance value at 412 nm, C: the concentration of the sample (mg/ml), D: dilution ratio of the sample.
Dynamic oscillatory rheology
About 10% (w/v ratio of samples/water is 10%) of pine nuts protein fractions were packed under vacuum in polyethylene bags and treated with HHP at the pressure level of 100, 200, 300, and 400 MPa for 10 min at 20 C. The samples were placed in a small beaker with water bath at 95 C for 20 min. The gel was cooled and held at 20 C for 30 min. Dynamic oscillatory rheology was performed using a Physica rheometer MCR302 (Anton Paar Physica) with a bob geometry (CP50-1). The inner diameter of the bob was 50 mm with a 1 taper angle. The gels were determined based on the method of Tan et al. (2014) , using frequency sweep of 0.05-10 Hz at a constant strain of 0.1%, followed by a strain sweep (0.01-10%) at a constant frequency of 0.1 Hz. All measurements were performed at a constant temperature of 20 C. The storage modulus (G 0 ), the loss modulus (G 00 ), the composite
), and loss tangent Cao et al.
at 10 Hz were reported. Each sample was determined in triplicate.
SEM
Pine nuts protein, albumin, globulin, and glutelin with HHP treatments (pressure level ¼ 100-400 MPa; treatment time ¼ 10 min) were freeze-dried. Samples were mounted onto a SEM specimen stub with a double-sided adhesive tape prior to coating and were sprayed gold with a thin layer of 10 nm in a vacuum evaporator. SEM (JSM-840, Japan JEOL. Ltd) was used to observe in eight regions at an accelerating voltage of 15 kV. Each sample was determined in triplicate.
Fourier transform infrared spectroscopy (FT-IR)
The measurement of FT-IR was based on Maria et al. (2016) with minor modifications. The pine nuts protein fractions were dissolved in water and treated under HHP (pressure level ¼ 100-400 MPa; treatment time ¼ 10 min). The samples were freeze-dried. Ten milligram of samples was mixed with 200 mg of KBr and pressed into 1 mm diameter pellet using Fourier transform infrared spectrometer (IR Tracer-100 Fourier transform infrared spectrometer, SHIMADZU) at 8 tons. The spectra were recorded 16 times at transmittance from 400 to 4000 cm À1 with a resolution of 4 cm À1 . The scanning speed was 0.6329 cm/s. Each sample was determined in triplicate. 
Statistical analyses
RESULTS AND DISCUSSION Protein solubility
Protein solubility is related to temperature, pH, and other factors (Bader et al., 2011) . Figure 1 shows the effects of HHP treatments on the protein solubility of each pine nuts protein fractions. After pretreatment with HHP, the change in the protein solubility of albumin, globulin, glutelin, and protein isolate is irregular depending on the pressure, as shown in Figure 1 . The maximum values of albumin, glutelin, and protein isolate are 24.24, 33.98, and 18.52 mg/g at 200 MPa, respectively. The maximum value of globulin is 1.34 mg/g at 400 MPa. The sequence of protein solubility after HHP treatments is as follows: glutelin > albumin > globulin > protein isolate. The protein solubility of glutelin was highest, whereas that of globulin was lowest among all protein fractions. The protein solubility of pine nuts protein fractions significantly increased after HHP treatments, with the highest at 200 MPa. However, the protein solubility exhibited a decreasing trend with increasing pressure. HHP treatments can disrupt noncovalent bonds, such as hydrogen bonds, WHC WHC of a protein is its ability to retain water within the organization. The differences in WHC are attributed to the differences in the molecular structures and composition of the protein (Moure et al., 2006) . The functional properties of albumin, globulin, glutelin, and protein isolate differ because of various intermolecular structures. Figure 2 shows that the WHC of glutelin, protein isolate, albumin, and globulin are 3.43, 2.7, 2.58, and 2.33 g/g, respectively, at normal pressure (0.1 MPa). After HHP treatments, the WHC of pine nuts protein increased significantly. For glutelin, albumin, globulin, and protein isolate, the WHC values were 3.6, 3.45, 3.43, and 3.28 g/g at 400 MPa, respectively. The WHC of globulin increased from 2.33 to 3.43 g/g after HHP treatments. HHP treatments can destroy the balance of noncovalent bonds in the protein and expose the disulfide, hydrophobic group, and other functional groups, which can stretch protein molecules and increase WHC (Peyrano et al., 2016) .The same behavior was reported by Bernardino-Nicanor et al. (2005) for guava seed glutelins. 
OHC
OHC is the ability of fat to bind nonpolar side chains of proteins. Figure 3 shows that the OHC of glutelin, albumin, globulin, and protein isolate are 2.91, 2.75, 2.63, and 2.52 g/g, respectively, at normal pressure (0.1 MPa). After HHP treatments, the OHC of glutelin, albumin, protein isolate, and globulin are 3.6, 3.07, 2.94, and 2.8 g/g, respectively, at 400 MPa. The mechanism of oil holding has been attributed to the physical entrapment of oil, as well as mechanisms that involve protein surface area, size, charge, and hydrophobicity. HHP treatments may change some of the physical properties of proteins that lead to the increase of OHC (Mundi and Aluko, 2012). However, pine nuts protein fractions have lower OHC when compared to albumin, globulin, and protein concentrate in African yambean seed (Sphenostylis stenocarpa) (Ajibola et al., 2016) .
Exposed SH content and total SH content
The SH content plays an important role in maintaining the secondary and tertiary structure of protein. SH content increases, and conversely, the protein is reduced (Sen et al., 2002) . HHP process the different trends of exposed SH content of pine seed protein components. As shown in Figure 4 , the exposed SH content of albumin reached a maximum of 6.83 mmol/g at 100 MPa; globulin reached a maximum of 4.72 mmol/g at 400 MPa; and glutenin reached a maximum of 6.9 mmol/g at 400 MPa. The separation of protein thiol content exposure appears to decrease initially and then increase; the exposed SH content reached a maximum of 4.72 mmol/g at 400 MPa. HHP treatments caused stretching of the globulin, glutenin, and protein isolates, the SH which hidden in protein was exposed, caused the increase of SH content. However, the albumin showed both stretch (<100 MPa) and cross-linking (!100 MPa). The SH content of the albumin increased first and then decreased. A significant increase in the content of the SH group of wheat gluten protein (Kieffer et al., 2007) was observed when the pressure exceeded 200 MPa.
The SH in the protein structure is exposed after HHP treatments, and the total SH content was higher than the exposed SH content of pine nuts protein fractions (Zhou et al., 2016) . As shown in Figure 5 , the total SH content of albumin is highest, reach up to Food Science and Technology International 24 (1) 18.09 mmol/g at 100 MPa. With increasing pressure, the total SH contents of globulin, glutenin, and protein isolate reached a maximum of 15.56 mmol/g at 100 MPa, 16.91 mmol/g at 400 MPa, and 10.29 mmol/g at 100 MPa, respectively. HHP treatments caused the changes of spatial conformation in pine nuts protein, the total SH content varied depending on pine nuts protein types. 
Rheological properties of heat-induced gel
Frequency sweep. Storage modulus (G 0 ) and loss modulus (G 00 ) usually reflect the changes of elasticity and viscosity of a gel. G 0 reflects the rigidity and strength of a gel and is closely related to the internal cross-linking of the gel structure (Arogundade et al., 2012) . The internal network structure of gel becomes more compact, and the interaction between the proteins becomes stronger along with the increase of G 0 . Meanwhile, G 00 reflects the viscosity and fluidity of a gel. In addition, G* (modulus complex) is the comprehensive embodiment of the gel properties; the greater the value of G*, the greater the strength of the gel. The frequency sweep measurements performed on pine nuts protein gels are reported in Figure 6 . The measurements of G 0 , G 00 , and G* were obtained at a constant strain of 0.1%, which is within the linear viscoelastic region (Clark and Ross, 1987; Garrec and Norton, 2012) . The G 0 , G 00 , and G*values of pine nuts protein fractions showed obvious frequency dependence. As a function of the frequency, G 0 , G 00 , and G*of pine nuts protein fractions correspondingly increased. No obvious dose-dependent relationship exists between the G 0 , G 00 , and G* values with the pressure levels. The G 0 , G 00 , and G* values of pine nuts protein fractions were parallel, and G 0 was greater than G 00 by less than a decade (Table 1) . These indicate the typical behavior of weak gels (Clark and Ross, 1987) . After HHP treatments, the G 0 , G 00 , and G* values of albumin, globulin, and glutelin were lower than those in normal pressure at the frequency of 10 Hz (Table 1) . HHP treatments destroy the cross-linking between proteins and loosen the protein network structure. The tan d values of pine nuts protein fractions altered variously upon the pressure level. The change of gel elasticity was not significant (Table 1 ). These observations were consistent with the results obtained with a SEM (Figure 8 ). The G* value of the protein isolate at 400 MPa was significantly higher than those in normal pressure at the frequency of 10 Hz (Table 1, Figure 6 show the varying patterns dependent on protein types and pressure. When the strain exceeds the critical strain values (as pointed out by the arrows), the G 0 , G 00 , and G* values of albumin decreased rapidly, indicating that the network structure of the gel was destroyed. Consistent with the results of the frequency sweep (Figure 6(a) ), HHP treatments cannot improve the strength of the albumin gel. The G 0 , G 00 , and G* values of globulin and glutelin remained nearly constant with increasing strain, and G 0 was higher than G 00 , thereby indicating these gels generally have solid-like responses (Day et al., 2010) . The strength of the protein isolate gel increased significantly (G 0 increased), and its resistance to the strain increased at 400 MPa compared with that at normal pressure (Figure 7(d) ). The G 0 value of the protein isolate decreased rapidly when the strain was beyond the critical strain value (3.74 AE 0.16%) at normal pressure but remained constant after HHP treatments (Table 1) . High pressure can enhance the gel properties of the protein isolate, which is consistent with the results of frequency sweep.
SEM
The degradation of pine nuts protein was characterized by SEM after HHP treatments. The SEM results of the pine nuts protein treated at different pressure levels are shown in Figure 8 . The untreated pine nuts protein fractions were small, exhibited protein particle dispersion and smooth surface, and had no obvious pores. However, pine nuts protein fractions were destroyed after HHP treatments; the surface became rough with some small pores (100 MPa). When the pressure reached 200 MPa, the particle sizes of the pine nuts protein fractions enlarged, the shape became irregular, and the surface showed large pores, which may be attributed to the continuous rupture of the large particles or the combination of small particles to form large particles. Thus, the size of pine nuts protein increased when the treatment pressure was beyond 100 MPa. SEM results showed that HHP treatments can break the pine nuts protein particles and loosen the structure. When the treatment pressure was greater than 100 MPa, the degree of fragmentation increased, the surface of protein became rough, the holes in the protein surface enlarged, and the specific surface area of the protein particles increased. Peng et al. (2016) also reported that the surface of SBP treated with HHP at 350 MPa became rough. Therefore, the result of SEM was consistent with that of the frequency sweep.
FT-IR of protein under different pressures
The alteration of functional groups could be detected according to the FT-IR spectra; the change in molecular structures is determined by the shapes, number, and relative intensity of absorption peaks (Eshtiaghi and Kuldiloke, 2013) . The FT-IR spectra of pine nuts protein fractions are presented in Figure 9 . The infrared spectrum of pine nuts protein fractions has not appeared the new absorption peaks, indicating that the HHP treatments did not change the functional groups of the pine nuts protein fractions, and the new group is not produced. The characteristic peaks of the pine nuts protein amino acid appearing at wave number 2928 are 1651 (near the amide I band) and 1546 cm
À1
(near the amide II band), which correspond to the -NH 3 and -COO À groups (Zouambia et al., 2009 ). Some absorption peaks moved to low band (albumin and glutelin) at ultrahigh pressure, thereby indicating that the pressure caused by the degradation of protein enhanced the interaction between molecules (Marry et al., 2000) . Through the hydrogen bonding association, the group vibration frequency was reduced. The pine nuts protein spectra of each participating peak significantly increased with HHP treatments, thereby indicating that stress treatment strengthens protein degradation and charge distribution. Moreover, the protein structure loosened, and the absorption peaks moved to lower band with increasing pressure.
CONCLUSION
HHP treatments could effectively improve the functional properties of pine nuts protein fractions such as protein solubility, WHC, and OHC. Furthermore, could reduce gel strength of pine nuts protein (except for the protein isolate), increase particle surface, and aggregate to form larger particles. However, HHP treatments did not alter the functional groups of pine nuts protein, whereas the absorption peaks moved to a lower band. Therefore, HHP treatments had changed the secondary structure of pine nuts protein. These results suggest HHP is a reliable method for modification of the structure and rheological behavior of pine nuts protein fractions, which may provide superior protein functionality as ingredients in formulated foods. The molecular mechanism of the HHP treatments on pine nuts protein fractions would be investigated in further research.
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